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(57) \mm\ 

TIC. m-^^t-mmmm^y^^x^commT-y^x 



(2) 



qtll 2003-253417 



^ h-=^5nty^x^ijyti^E>m'Bm-^'mmu mibh 
m^mii mmy^x^t'^zf^x^mwti^-^Lrc 

mmA} y^x^mm^mm'^m-r^mmmm 
ttio~255'^p >(Dmm(D^^i^n&^mr^mmm 

205^^0 

mtm6l BuiB;g«S|SSM*:3t)V7|->eW14<7)7/l'^7 
[ii««7] HufBm«H**i^-b^S'><^m2ffliffi?^ 

0 5 p ^iXTTSSit^Rja 1 ©:&?So 

[ftm^ 1 0 ] MIB-6ffi:&-b^ 5 -^JSMOff^^x 2 

5 ~ 1 0 0 S 'J' P >T-*^li5t<i1 1 ^ci3K©:&>io 

[isa<3i 1 1 ] y^x^mwL LT©^si4:«~xa)?^ 
ffiTiCx s^—ny.^t-mmm^o%t=s-^-:f^x^a>mm 

fc/cL. zf^x-^3w^m-vmm-i£U^^^\^\t 
^o)»«±{tii«-r § z. t ^^cr-f ?^ >e L < tsw^e 

1 2 ] ^«#:O!)-55i!iS?0«iffi*i« 1 0 0 0 n 
m J-XTT-* y . cfe y if * L < 5 0 0 n m J-XT"?* U s 
? 6 L < t± 2 0 0 n mJ.XTT-2BSW3?« 1 1 (OId 

/So 

c»*^i 3] m-:siit-mamm(om^im^^^ 

^ifjxayzf^X^mmmwtM-aLTmmu tcozr^ 

LT»«±tJ:-S®3§:0 T MXtt H T MJg^^m^ 
^■■l+^C t^^t>-SS3§:0 T MXtt H T MjgJg^S«± 



[» *3S 1 7 ] Wf B^«*»f**i'^-b ^ 5 y m 2 ffliK? 

[ftsRJii 8] m^'mmwis^'mtm2wm-->kM-t 

[fSARHI 9] :7;S14;aX=&#C>:/^XT<«#:tft\ 

0 0 s <:7 □ >j.xT-efe^if 5f<ii i 9 cdsIo 

[fisR:^ 2 1 ] MfB-t ^ 5 >y iSMcDJ^* 2 5 ~ 1 
0 0 = ^ P >7-^5|f 1 9 CDMo 

K&mt)\ -/^X^imtLZ(0^iim:^X(D^^T 
m?^^?5*-X«-*iSl^K!|«II<^«iT^3^^X^©fl5« 
X^ A^ffi^jST-ffiffl * n^H^tc tilulBlii^fi:'- / 

^ C i: tc cfc o TSji*tL/c t ©T-S ^ ^-aii^Mo 
Umm 2 3 ] ^S14:^X^#iJ y^ X^^#4'T\ 

r S d <!: It cfc U «jg#nfc> H#K^ btJJ^i^«;*Xtt« 
Hi^R^ 2 4 ] :f S14;a'X^^tr7^^ XT«g*!^i^ T\ 

■t^~^y<7 (Dm-mimiL=?-^mmm-C"^M u "torn. 

[SSeS2 5] ^5g'l4«X^$fe3''^XViK#*T% 



(3) 



!ttM200 3-2 5 34 1 7 



[000 1] 

^•&**T-S^o Sit. Mfrs-^n^Olt. -b:^5'i^-?SL 

[0 0 0 21 i^mmm<Dmm 

A N B 5 H 1 0 6 5 0Dffi^!tlC31^#tLSSa^^#Tfte 
[0003] 

[t^5l5(^)a*l5]^«IS2IK ( roTMj ) {i. 

8^^5342431^ {FV-S«"-V>«I) . 6 4 

8 3 04^ (x'-y-Toy<7||) . [51^5 7 029 99^ 
(^+f;?oy<7^) . illMS 7 1 2 2 2 0^ (^^•^'P^V 
m) S0-'Pim5 7 3 343 5^ (:/^+^ K») ItPJS^* 

3^)Mtico1'7^>'^3l^^LvJ<^li^2^M ( rHXMj ) oj; 

[0 0 0 4] m-oT. OTMtt. 



M5 7 02 9 5 9^ (^■tf^y'5'«) ^ 111^5 7 1 2 2 
2 0^ {:ir^U^ym) StfElll5 7 3 3 4 3 5^ 

■r^Z.t\,tWm^^^5 7 3 3 0 6 9^ (^5+^ K^) 

eo.-^v'H n U— >a y^7=VUA^7Ka!|tffM5 2 4 0 
4 8^ (yp^^'yF») tcHS^^tiTl^^o *^SB#« 

[0 0 0 5] ^azrxti-c h(Di:oni:mm^mm(omm 
[0 0 0 6] it^mms mmmm^m. mmt^ 

a:?'7.*< hSMfk%l<D-Sffilji©iS!i§J V 1 9 8 9^1 

i^5asiTU<Da*-tr^5-y-?M^it3tiiv vol. 9 
/\°'yiSj->£ti^iSi(D»^^^i:rcrci6. -e^^fS^&^gjs 

[0007] mmiyr^t LT. ^Hlf fF^ 543970 

ThA^mm.r^i5m^m^LTi^^o ^nT*,^as -fb 

^ -Stf U-+f-7' :f U— > a VCD J: 3 ^ijSWilS;^ 
[0 0 0 8] *6f::]?iJ-Sliii;tjtT-S§c iiJgi^tt^ ^ 



(4) 



iltill 2003-253417 



mm:BLtfmmmmMmm ( thvofj ) mm^^tso 
[0 0 0 9] y^x^mmt. mimit^mnm 

LT33 u > mao-5#:&^a'>»s^o:&t^JSM^^« 

r-SfcfelCli?!^^* 1 4 5 0~1 5 5 CCtDJaST-© 
fflrSin<h©^J5^l±. TKfflitffFms 3 9 1 4 4 0^ 
(DOz^M^. ip-Bs (1) M^jS©:/^X^-^MXg 

r^. (2) :f7X^>ii>fttjeiiotptt^'^M^55>?^ 

[0 0 10] ^5t5x :/vX>-;§*tfS[c|jp|a5fl,jiigt-^ 

SLTe^3ito3''^x^^iS«-^%ffiffl-r5c<t 

■r§oiJ:S#3i:^^X^*6*>£^ffi^-rs c .hOFfiu^t 
^ js«-r ^ © :h y iSa^aKS^^ffi^iS:?^^ x^jtM^ 

[0 0 1 1 ] -e^^Xti^TLKcDaWitt^^'^ftiStDfe 

ti. mmm. '^m'5L\tw^m(riy^x^mM^mm\^T 

-So 

[0 0 12] 

:&r^X^Ji5«T^r5XV i— 5^*^8®#ST";t*tU 



zmi±\,zm^t^ z. t ^^tsm^^it^m'mmm^m 
'&r^rcisb(D:f3'£izmr^o 
[0 0 13] ffl:^cDfijs6^emnis; *fg0^«. ^'"^x 

^imt LTCD^;g1t«'X^73#^^T^^:^ -t*^ ~ -y^e L 

^(Dmf^^(Dm=?-^y^x^mmvy^x^ h-^*^6 

n^wt^izitmMim.'f-iti-y^^B^'^omm'^z&^t 

±izmm^itT^Km:snt-^^r^-ii'pZ'y<7&m^3t! 
mm^it7mmmm^m^±izmmr^z:t^^tsmm 
^itvicmmmm^mmt^:&mzm-r^o 

[0 0 14] ta— ^©#Jffi6^6an«\ *f80^«v ^ 
-S14;d'XCDy7X^5tS<fj«#i:5g^Lfc*-fflXt±=ti 

m%mf^^(Dmmmi^^^iim-^if^^^mi±izmm 

^ <»: «^Cr-e^^ O T MRtJ-' H T M^^^a*2f±tefl^ 

m-^-^^yjiiizmr^o 

[0 0 15] ^(Dmmti'^M.nit. :^mmit. ^m^ts 

m&m-^n'pmmayt3i\.-''jsmmi^z^o:>mm±.\zm.m 
Rit7m^immizmr^o 

[0 0 16] ^e>\>zm(ommf'^3i.nit. ^^wt*. ^ 

S14:*j'X=&#ir^^X^j«1*cfiT\ -b^S •>-J7eL<« 

'>mi^(^i*i-^-tr^ 5 'y<7s.mmmTSM±izmm-r^ 
mm^zmr^o 

[0 0 17] S/£:3-8tCSiJ<D#MA^6mn«x 

^X-^mi^t LTO^Stt:«XO#«Tttv -t ^ 5 y 

tiXti=tlffifi!6!|tC»ii?^ T'^ X y'CDmiT-^^ x^ h 

t^7^ftT-5tit L. ^-M^^-^W^ffif^-r ^ J; 3 tcMIB*! 
^%=&#?LKXtt "6 ^«:aM±f::^«5--tJ:« t tc J: o 

[0 0 18] ?6lcSiJ<D#JBA^e5^ntfs 3|s:MB<Stiv ^ 

Stt;^~X^^try^Xy'iif*4'T\ -b^ = L < ti 



(5) 



#Ff| 2 0 0 3 - 2 5 3 4 1 7 



[0 0 1 91 sfc*6tcsu<7)#]n*^63^nt#s :^mm 

[0 0 2 0] iItl5SWiiJ<DfySt±WT<D*^B^CDfBai 
[002 1] 

fc L S F C MjeiS© 5 0 Ofg*-(?0?^IBTHra?am¥^H 

RzfmFmrm'j>mm^m-r^ 2 s o = •j' p yom-^^o 
[0 0 2 2] m2it. m2iz'^^TX'ryuxms^± 

iZ^m-^-^tc L S F C M^m(0 5 0 Ofg^TC^ilrSgl 

wmmmmmm-V'&^o ^:(Dmnmmmmmmit. f>ji 
^wr s 3 5 0 5 p xom-soy^m^si^&m^^ t 

[0 0 2 3] 03 0lj3t::tJe-pTM'fbX7^>UXii 

F c MjsK© 5 0 oimi:'(DmmmmummKmmm-c~ 

S^o '(Dro^SSM^Siii^lHis 33J:^2 4 0 5<7p> 
[0024] 0 3 b lis Pl3izm':3 T^?LMtD^ ^'^^-> 

L s F c MjeM<Da»fa®^*s?K«!sa ( rs 

EMj ) IB^ST'SSo EMli#0{4. 33*^5 

*tejHSO»^(D^t^L S F C M^M«aL/ct.0T~S 

[0 0 2 5] ia4f±. mmib^m-m(DKazfxt)-< ho 
mm-^'^ ^zLt ^^^rm 3 ® l s f c m jg^o x ^nitif 

( rx R Dj ) HT-S^o 

[0 0 2 6] S5tt. jgMil»#<i:6\fflfigWlc|ll-?-S 
^ZLt-^mr. ^j3(5DLSFCMjeffll<!:3*{S<DLSFC 

M*»#<i:coffi^J:b«iCO^'^:7iiiT-S«o 

[0 0 2 7] laeii. flJ4W^foT$'?LK0L SCMS 
W±lC^>y/\lia)y^X^j§Wttc!;yiia#*-l±fi:L S F 
CMieM<D«Bf®©^fi«?IiSS^ ( rsEMj ) iS^ 
HT^a&^o 2:©S EMili^0»s J5J:^5 0 5^pV® 



[0 0 2 8] I17ttv «i|g:^'X<»:LTSm^11fflt-§9 
0 0 °CT©^ -y / \ 1 1 XT)§ita) L S C :ffi^R*S©-^ 

So 

[0 0 2 9] ElSti. ■|51J5lC?ifcT^-?LHa3LSFCM 
- 5 0 C G OS*J±lc^'y/\l l®y vX^JglTflc cfe 
«5--tifc L5FCM-50C G O (DitKEO^ffiS^ SI 
1^ ( rsEMj ) iii#gIT-S5o CCDS EMH'^m 
ti. jSM^fis:lC*3fcoTlSl-lt53-ft LfcLSFCMiC 
GCtDP5:6-<DlS«*i3=&#f S> Sicfe^l OOS'J'PXT) 
»^•^3D•5®3B:»S<D^t^l£IS LSFCM-SOCGOJS 

[0 0 3 0] HlQti. flJ5lt?JfcTCGOt4 0M% 
<7)/\°^ A<i:«D>l^*!B^^?LHcD LSFCM-50C 

G omi±.\z^ -y A 1 1 ©:?"^X^)§Wlc j: y «#*-&fc 
c G o - p d jS:M©«pef ffiro^fiw^KaM ( r s e 
Mj ) iHftlllT-SSc c:©s EMli^lKi. $'?LS®L 
S F CM-5 0 CGOa*J±©i5J;^2 0 OS'J'PXD 
J»l!rO-B®^»S©^t^J£lKCGO-PdJSIl^«L/c 

[00 3 1] UllOti. •(51J7tCtMoTCGOCD;l^!tia^ 
^KMCD LSFCM-50CG OS**±ltffi§jl7'^X 

^jii^iccfc y *s«*-ii:/c c G o&moimmomMm^ 
mu^ ( rsEMj ) m^EiTS^o CCDS EMimtia 

lis ^■fLK© LSFCM-50CG OS*<t±CDS5 J:^ 1 
0 0 S P * CD-6S%aS<7)5S:l'>J5lKC G OJSfli 

[0 0 3 2] mi Mt. mslZ'iit-z^ZLSF CM-m 
(LSFCMi:2 0Ii»%(DPd/Agi:A''6%S) S 

^±izm=^mzf^x^mmizjf: v^m^-^tc l s f c m 

jgZMOS 0 01ig*T-<3!)«BfS^S»iS¥KH^EZ^S«o 

^KDmmmmmm^mit. 3o%j.x±©s?l*sO''i o 
= p >j.x±cDtt?L\f>i s 2 0 0 = •5' p y<r>m-& 

[0 0 3 3] ^B.fl<P^«%Sa! 

Kl^fc ^t\z\t. ^ -y / \ I ~^ -y / \ 1 1 cDtEHT-O/W:^ 
^«ffiffl-rsS#3:/^X^-;tl>f»v ^7L«Xtt-S®^ 

m^^tso iNimsH 1 w[^m^r^(r>[znm\.zmm-^ 

(is ^l^^^X^jtlt^MtcS^X O T MSt?H T M© 
T:^^X^5§«*iS5i^^^fflLTS3gLfcOTM«. S 



(6) 



^tBB 2003-253417 



Mtimr^t. ^v-mi^mmmms m^pLtcmmm. 

[0 0 3 4] ^^B^ttW^^a-tr^-'y^ieMtt. ^yl/Tt- 

L<ttioo = <7p yixTCDmio'j^Mmm^'n-t 
■r s s: t J; y s i:fciJilfb^'i^7^>'> ^ > 
mm-f^y:Mfm=?'^4 s o°c~^ i 2 0 ox(D;u 

S^So OTMCD^^-fTl-^eii^lis 0. 0 1~10 0 

S/cm [CCT-. Sti*-ix0iM|jJ (I/ohm) T' 

[0 0 3 5] :^mBMlcm-oTOJM:^mm.t^(DlZiifm 

'^ay'Xtl-i' hommts Lai-xSrxCo 
03-y. L axS r 1-xF e03-ySt5L axS r 1-xF e 



[0 0 3 6] :^mm<DyDmi,C'iii-oTOTM^mm-t^l,C 
-r hSM^^0JSK<!:im^Wic|ll--efe^^fLK©^P 

OTM<D^lSaS3gSS*lRl±*-l±So $a^<5:LTtts C 
[0 0 3 7] 

[«1] 



(7) 



#P?| 2 0 0 3 - 2 5 3 4 1 7 



S r C e O 3 



dCT, A. A' . A" =1, 2. swslV f}^m(D^y^-\^(r>^t^b 



6. 



(a) Co-Le-B i =l/SJUhM^fc^ 15-75tJU3^ 

(b) Co ~S r -Ce^ : =1 / 'IJU h Hffcl^ 15-40^JU9^ 

(c) Co -S r -B i M : UMJUKMfb^^ 10'--40tJU9^ 

\:f:^^7.m^m 3 5-7 O^JUS^ 

(d) Co-LH-GeM: Zi/Ul[^mim 10'-40^J19^ 

^y^ym^m i 0-4 o^}ih 

iZ'JOJ^^^^ 3 0'-7 0^JUH 

(e) Co - L a -S r -B i ^ : ri^UUhltft^ IS—TO^JUJ^ 

5>$?v^ffc:1*j 1 --4 o^jU^ 

X hnv^OA^tt 1 -4 0tJi.% 

"^y^yMit^ 1— 3 5=Eji'3^ 



7. 



B i a_.,M" «M,Q3.5 CO<_xj< 1 . 0:^y<.1, 'fhf^Sii?!)^^© ^) 

CZ-C. M" =Er. Y. Tm. Yb. Tb. L Nd. Sm. Dy. Sr. Hf. Th. Ti 
Sn. In. Ga. Sr. L o e»«)?^^'&% 
M = Mn. Fe, Co. Ni, C u:Rr;'en 



B a Ce ,_,G d,0,_,^g (dCT!. xI3 0— 1 CZ^Ul>. ) 



itF ^^^t I B' tJOr^U<(iT i:X(S^tlS(?>5g^1*l€a-r ; B" (5Mn. Go, V. N i < (SC u 
X(3:-&n6tD}a^f^^^t- ; s- t. u. V. wllt/x[3:mT©,l:^3^ijETfcS : s/t =*^0. 0 1—1*110 
O. u=**)0. 01— v = 0— w=0— $^1 ; 

x = C©a:icaL^TA. A- . B. B" , B" (DmTm^^^&-t^^ : It^VO. 9< (s + t) / (u + v+w) 
< 1 . 1 



[0 0 3 8] 



[«2] 



(8) 



#11 2 0 0 3 - 2 5 3 4 1 7 



1 o. 



1 5 . 



1 7 . 



L a ^_,S r ^C u ,_,lvl^03_5S%?J0%»i©— :> 



CPt3 CYSZ) 

CLaC r ,_,Mg,03_^) o, g (YSZ) 
CI n,^«P t CYSZ) o. ^ 

Cl n,,„Pt CYSZ) , 



( I n--«P r - 



CYSZ) 



1 - 1 3 !CS2*a©1*Kti:?Sia^JI5ti Pd, Pt, Ah. Au, Ti, Ta, W) Sia3DT^i£*©ftl 

M 



A(3:^JU:^U±ii^MXI3:^n6©S^'fe^^^ : 

A" !i5>5?- H^L<ISYX(S^n^>^?l^t^€^-r ; 

x<2;o<y<2: zis::©^fc^fe^^?^4'titc-^-« 



msBA^E FO 7 3 23 05 A 1 C:?-r:5'-^) (CH^^nX 1^5 L n ^ A' ,C o ^ F o ^. C u O;,.. ?^JiJ©1*K 

A' f3:S r XiaC a^^r : 

x>0, y>0, K+x' =1. y+y' +y"=1. 0<y <.0 . 4 



it^'H0fi^EPO931 763A1 i^^T-m^ (Zggigt^t^rcL n ^ A' , 

2, 3;StI^f l£M©5>5?- H]b>e.©A" 
0<_x<1, 0<x' <.1. 0<y<1.1. 0<.y' < 1 . 1 . x + x 

1. o. 7i\.i:ie>'{t'^m^'^m^mz.r^ 



,. A" 



.B„B' 



+ x*'=1. 0, 1. 1>y + y' 



[0 0 3 9] i \zmffc^(o\zmxT. ^(Dmw 
[0 0 4 0] BMibtHz. :^mmitjK<m^t^T.mmmt: 



ft:cDiaft:«SH mXi£. y}\/^=7^V) . (3) ir^ 
5^y^||2ffl^#-r^:^*i^D>l^S«:. (4) ^MO^ 

2ffl^wt-«=ffl<^>s^^#s (5) mimimmnm 



(9) 



!|tFJ2 00 3-2 5 34 1 7 



[0041] ^mm(D:f5}&ts ^^L<{ty^x^mM 
m^mmr^fSK 'ta:)i^t3''jizm&mmmmn (hvo 
F) mmM^mmt^^tii-^'^^o y^yx-^rmm^m 

£10)^ vx^jsitti. mmmzit 4 o ^ mJ-xT. »s l 

<tt30iumWTs 5-6l::*f«L<tt1 5~2 5ium0 

?LMa5L a.2S r.sF e.ygC r.2Mg.0lO3 (L S F 
CM) m^it. JLXTiD^J8Td:yPL<IKB^-r5c!:3 

tC^ ^?LM©LSFCM-m»*!t±lt|S?«S-tl5o 

^v--fX(Dmmiz&v. m.mmvy^x^miti^mm-i£ 
[0042] *5g0jcD:&)£^«ffl Lx^'jim(Dmm^m 

««T'*«o S^oTv fWSlCsBttLfcLSFCM^SMltffi 

LT{i 3 0 %J-X±<D^?L*<i: 10 5^ P V*T-C0»L\f 

f § <h s 5 0 %i-X±® ^?L$ «!: 5 0 /L/ m JX±©ffl?L-t f 
[0 0 4 3] JXTlCsB«Lfc15iJ 1 ~8-pf±. 7°5Xx'{« 

^is>mL<itT-<7) RximmLtcmM. -y^x^m 
-5<h. mm=^\ty^x^ymtm^-^n^o y^x-^ 

tiT^^Wi^(Dy3X^mmmmw\zt^^. '^-oT. 
y'pX-^m»iy^mi\-iE^tcm%i-t'7 3. v ^p^mms/^L 

ti^ft-ft^ -7^ x^ h -^5Hi'Mm:/jy^mm-r^ 

ZLtiZ^^Z^Ctcy'yX^Zfll^-L.^^zm^r^Oii^ 

■^mmm^m^itv^-tsMm&m^^t. 5 ~ s o = ^ p 
j:u»SL<tti o~2 5 =-?py<D®iacD¥±S)«s 

[0044] ^T(r>m,tWr.t set ^•ScEl LT 
[0045] 

[IIBSISy] gyi (JtS^fJ) ffi^3i:/^X^-Pii^ieJ:S 
L a.2S r.sF e.ygC r.2Mg.oi03 (L S F CM) 



L S F C MJSM^ffi^S^- Ka):^^X^-^*t(cJ: U X 
PXiia«W±ltJK^*-«*fCo Lfc L S F C 

Mmi^^zf'^x^mmijyomcy'7<7XJi7'-mm^ 

[004 6] T^^X'y-jlXfr 

4 0 s I m(DA r <t 2 1 s I itkDH e s I m 

[0 0 4 7] :/^Xv h-5^Rtymili 
S^S^- KCi^^^XXT'-SG- 1 oo:/^X^h 
-^MtftC9 0 OT'V'^T'. 2 9 7|t.;l/ hStf2 e+P^ 

[0048] mwRxmm 

LSFCMJf»# (2 0A^mC)m» Ity^p^XJlT- 
gx-<— b^5>y'5'X*±led:^Tia3t*nSo 
I — ^0i±iP3E)^6 1 Omm#tuT-4 s I mCOYJU 
zSydF'!''JT^'Xtmz30p s ]ZB.-03. 0 r pm 

[0049] h-5^^-ft 
SWtCjJC^^Pgmyt^-V^&SmmtDPaPi (step) T'5 
0 0 mm/fjJtO^ST-StF^^J^^S 7 5 mmOSESiT-4 

[0 0 5 0] HI ttfiJCDS^ay^Xx-^gWlCJcU 
X'ryUXmmi^lzWM Lfc L S F C MMO^KrSil 

is^i:m«-^lti^s» *e«#tifc L s F c hh&m\tm 

■^t^m 2 5 0 = <7 P o fco < 11^ 

[0 0 5 i]M2. ^-y/x I ■T^^Xx'-^WlCcfeSLSF 
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PLASMR SPRAYED QXYGEl^ TRANSPORT MEMBRANE COATINGS 

FIELD OF THE INVENTION 
This invention relates generally to oxygen or 
hydrogen transport membranes, and more specifically to 
oxygen or hydrogen transport membranes fabricated by 
plasma spray deposition of small particles of ceramic, 
or metal, or a combination thereof, in order to provide 
a micro-crack-free coating on a substrate. Also 
disclosed is a multi-layer composite comprising a dense 
or porous substrate coated with a coating provided by 
supersonic plasma spray deposition- Also disclosed is 
subsonic plasma spray deposition of single phase or 
dual phase nanocrystalline particles of ceramic or 
metal, or a combination thereof, to form a crack-free 
oxygen transport membrane on a substrate, 

U>S, GOVERNMENT RIGHTS 
The U.S. Government has a paid-up license in this 
invention and the right in limited circumstances to 
require the patent owner to license others on 

reasonable terms as provided for by the terms of 
Cooperative Agreement No, 70NANB5H1065 awarded by the 
National Institute of Standards and Technology, 

BACKGROUND OF THE INVENTION 
Oxygen transport membranes (''"OTMs") are useful for 
separating oxygen from gas mixtures containing oxygen, 
and the OTMs desirably are fabricated using a mixed 
conductor ceramic membrane, and the resulting membrane 
desirably has high oxygen selectivity. Illustrative 
ceramic compositions are disclosed in U.S. Patent Nos • 
5,342^31 (Anderson et al-); 5, 648,304 [Mazanec et 
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al.); 5,702,999 (Mazanec et al.); 5,712,220 (Carolan et 
al.); and 5,733,435 (Prasad et al.)- All of these 
references are incorporated herein by reference in 
their "entireties . In analogous faishion, other 
selective ion-transport membranes, such as hydrogen 
transport membranes ("HTMs") are suitably fabricated to 
selectively permit hydrogen to pass through the 
membrane while not allowing other ions to pass. 

Thus, the OTMs possess the characteristic of 
"oxygen selectivity", meaning that only oxygen ions are 
transported across the membrane, with the exclusion of 
other elements and ions. Likewise, the HTMs . possess 
the characteristic of "hydrogen selectivity", meaning 
that only hydrogen ions are transported across the 
membrane, with the exclusion of other elements and 
ions. The OTM's and HTMs can be fabricated from 
ceramics, or metals, or a combination thereof* 
Suitable ceramics for use as the membrane material 
include single phase mixed conductor perovskites and 
dual phase metal/metal oxide combinations. 
Particularly advantageous solid electrolyte ceramic 
membranes are made from inorganic oxides, typically 
containing calcium- or yttrium-stabilized zirconium or 
analogous oxides having a fluorite or perovskite 
structure. Exemplary ceramic compositions are 
disclosed in U.S. Patent Nos. 5,702,959 to Mazanec et 
al.; 5,712,220 to Carolan et al.; and 5,733,435 to 
Prasad et al. , all of which are incorporated herein by 
reference in their entirety. The use of such membranes 
in gas purification applications is described in U.S. 
Patent No. 5,733,069 to Prasad et al., which is also 
incorporated herein by reference in its entirety. 
Particularly effective OTMs comprise dense films of 
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perovskite-type oxides on porous substrates since these 
OTMs are particularly good mixed conductors. For 
example, a computer-simulated model of an OTM having 
both a dense layer and a contiguous porous layer^ 
wherein the dense layer is said to have no connected 
through porosity, is disclosed in U.S. Patent 5,240,480 
to Thorogood et al.r incorporated herein by reference 
in its entirety. Multilayer OTM composites having, for 
example, a porous layer and a contiguous denser layer, 
can have advantageous properties including enhanced 
oxygen selectivity. 

Thin film coatings of oxygen transport membranes, 
such as the perovskites, are particularly desirable 
because the ideal oxygen flux is inversely proportional 
to the thickness of the membrane • On this basis, a 
thin film is preferred since it permits higher oxygen 
fluxes and reduced surface area, as compared to thicker 
films, thus resulting in lower membrane operating 
temperatures and smaller oxygen pressure differentials 
across the electrolyte during operation of the 
membrane . 

Heretofore, several techniques have been described 
for fabricating dense OTM coatings, including chemical 
vapor deposition, electrostatic spray depositions, 
electrochemical vapor deposition, sputtering, spray 
pyrolysis, sol-gel thin film processing, and laser 
ablation. By way of illustration, a technical journal 
article by Y. Teraoka et al entitled ^'Preparation of 
Dense Film of Perovskxte-Type Oxide on Porous 
Substrate", appearing in Nippon Seramkkusu Kyokal 
Gakiyutsu Ronbunshi (Japanese Version) Volume 97, 
November 5, 1989 compared sputtering with suspension 
spray deposition, and concluded that the sputtering 
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process produced a lot of cracks, resulting in a 
failure to form dense films, whereas improved dense 
filnis were formed using the suspension spray deposition 
technique* 

As another illustration, U.S. Patent 5,439,706 to 
Richards et al discloses a method for manufacturing 
OTMs using organometallic chemical vapor deposition. 
Nonetheless, although chemical vapor deposition 
processes are suitably employed to produce dense, gas-- 
tight ceramic thin films, these processes have the 
disadvantages of being time consuming, requiring 
expensive processing equipment , and typically employing 
toxic precursor chemicals. Further, stoichiometry 
control for purposes. of the formation of the oxide film 
is difficult to maintain using these processes. The 
physical deposition processes, such as sputtering and 
laser ablation, also have distinct disadvantages, since 
they are typically complex processes, often requiring 
vacuum systems, and typically employing low deposition 
rates that don' t lend themselves to use for commercial 
production of OTMs, 

Yet another alternative is thermal spraying. 
Thermal spraying involves spraying a molten powder of 
metal or metal oxide onto the surface of a substrate 
using a plasma or thermal "spray gun. In short, it is a 
heat and momentum- related process involving energy 
transfer that is attributable to enthalpy and velocity, 
and the resulting spray coating on a substrate provides 
strong mechanical bonding of the coating to the 
substrate without unqlesirable overheating in view of 
very short processing times. Thermal spraying 
processes include plasma spraying and high velocity 
oxygen fuel ("HVOF") spraying. 
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Heretofore, plasma spraying has been disclosed for 
use in fabricating dense lanthanum chromite 
interconnectors for solid oxide fuel cell applications. 
Unfortunately, the resulting coating typically is 
porous and contains significant numbers of microcracks, 
necessitating a subsequent heat-treating step at 
temperatures of from 1450 to 1550 degrees Centigrade in 
order to provide the desired dense, microcrack-f ree 
coating. Illustrative of the use of plasma deposition 
in the preparation of electrically conductive 
interconnection layers ^ on an electrode structure of an 
electrochemical cell are the disclosures provided in 
U,S, Patent 5,391,440 to Kuo et al., incorporated 
.^.erein by reference in its entirety. There are several 
disadvantages associated with the invention disclosed 
in Kuo et al . , namely (1) the sub-sonic plasma spraying 
step provides a coating on the electrode substrate that 
contains unwanted microcracks, (2) the plasma spray 
requires the use of a "flux" or "liquid phase former" 
that risks introducing unwanted elements into the 
coating, and (3) a post-spraying heat-treating step is 
required to "heal" the resulting microcracks. 

Heretofore there has been no disclosure of the use 
of plasma deposition methodology of any kind, much less 
supersonic plasma deposition, in the preparation of 
dense, microcrack-f ree coatings, for use as oxygen 
transport membranes, without a post plasma spraying 
heat treating step, to the knowledge of the present 
inventors. In addition, there has been no disclosure 
of the use of supersonic plasma deposition to provide 
microcrack-f ree thermal barrier or interconnector 
coatings. Further, there has been no disclosure of the 
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use of subsonic plasma spraying of nanocrystalline 
particles to produce such microcrac3c-f ree coatings- 

Fast, cost-effective methods are needed for 
fabricating dense, thin-film, gas-tight oxygen or 
hydrogen transport membrane coatings, that are free of 
microcracks, on dense or porous substrates. The 
present invention provides one such method for 
fabricating these OTMs and HTMs using supersonic^ sonic 
or subsonic speed plasma spraying to provide the 
desired coating, 

SUMMARY OF THE INVENTION 

In one aspect, the present invention relates to a 
method for fabricating an oxygen or hydrogen transport 
membrane comprising spraying a single phase ionic^ 
electronic or mixed-conducting or dual phase mixed 
conducting composition (advantageously comprising 
particles of ceramic, or metal, or a combination 
thereof) in plasma form, in the presence of an inert 
gas as a plasma medium, at a supersonic speed from a 
plasma torch, and depositing said composition onto a 
porous or dense substrate in order to provide the 
oxygen or hydrogen transport membrane in the form of a 
microcrack-f ree ceramic coating on the substrate. 

In another aspect, the present invention relates 
to a method of fabricating an oxygen or hydrogen 
transport membrane comprising spraying particles of a 
single or dual phase composition comprising particles 
of ceramic or metal, or a combination thereof, in 
plasma form, in the presence of an inert gas as a 
plasma medium, at sonic or subsonic speed from a plasma 
torch, with the proviso that said particles are 
agglomerates of nanocrystalline size if the plasma is 
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employed at subsonic speed, and depositing said 
composition onto a porous or dense substrate in order 
to provide the oxygen or hydrogen transport membrane 
comprising a porous or dense ceraitiic coating on the 
substrate. 

In still another aspect, the present invention 
relates to a method of forming a dense OTM or HTM 
coating on a substrate which comprises providing a 
single or dual phase ceramic-forming feed powder in 
admixture with an inert gas plasma spray medium, and 
thermal spraying the feed powder in the plasma spray 
medium onto a porous or dense substrate in order to 
form the dense OTM or HTM coating on the substrate. 

In yet another aspect, the present invention 
relates to a microcrack-free oxygen or hydrogen 
transport membrane produced by a method comprising 
spraying, at a supersonic speed, particles of a single 
or dual phase composition comprising particles of 
ceramic, metal, or a combination thereof, in plasma 
form, in a flux-free plasma medium of an inert gas, and 
depositing said composition onto a porous or dense 
substrate in order to provide the oxygen or hydrogen 
transport membrane in the form of a microcrack-free 
coating on the substrate - 

In yet another aspect, the present invention 
relates to a microcrack-free oxygen transport membrane 
produced by a method comprising spraying single or dual 
phase powder particles of ceramic, or metal, or a 
combination thereof, in a plasma medium comprising an 
inert gas by high velocity oxygen fuel thermal spray at 
a supersonic speed, arid depositing the particles onto a 
porous or dense substrate in order to provide the 
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oxygen transport membrane in the form of a microcrack- 
free ceramic coating on the substrate. 

In still another aspect, the present invention 
relates to a multi-layer composite comprising a dense 
or porous substrate and a microcrack-f ree coating on 
the substrate, said coating being prepared by spraying 
particles of a single or dual phase composition 
comprising particles of ceramic, or metal, or a 
combination thereof, in plasma form, in the presence of 
an inert gas as a plasma medium, at sonic or subsonic 
speed from a plasma torch, with the proviso that said 
particles are of nanocrystalline size if the plasma is 
employed at subsonic speed, and depositing said 
composition onto a porous or dense substrate in order 
to provide the multi-layer composite. 

In yet another aspect;, the present invention 
relates to a single phase ionic conductor, suitable for 
use in solid oxide fuel cell or electrically-driven 
oxygen generator applications, fabricated by spraying 
single phase powder particles of ceramic, or metal, or 
a combination thereof, in a plasma medium comprising an 
inert gas, at supersonic speed, and depositing the 
particles onto a porous or dense substrate in order to 
provide the single phase ionic conductor in the form of 
a microcrack-f ree ceramic coating on the substrate. 

In still another aspect, the present invention 
relates to a single phase electronic conducting oxide, 
useful for interconnector applications, fabricated by 
spraying single phase powder particles of ceramic, in a 
plasma medium comprising an inert gas, at supersonic 
speed, and depositing the particles onto a porous or 
dense substrate in order to provide the single phase 
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electronic conductor in the form of a microcrack-f ree 
ceramic or metal coating on the substrate* 

These and other aspects will become apparent upon 
reading the following description of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a cross-sectional photomicrograph 
representation at 500X magnification of a LSFCM coating 
deposited on a stainless steel substrate by subsonic 
plasma spraying in accordance with Example 1. This 
photomicrograph representation depicts a 250 microns 
thick/ dense, uniform coating having localized residual 
porosity and localized microcracks- 

Figure 2 is a cross-sectional photomicrograph 
representation at 500X magnification of a LSFCM coating 
deposited on a stainless steel substrate in accordance 
with Example 2. This photomicrograph representation 
depicts a 350 microns thick, dense^ uniform coating 
having reduced porosity and a minimal number of 
microcracks, as compared to the coating of Example 1, 

Figure 3a is a cross-sectional photomicrograph 
representation at 5Q0X magnification of a LSFCM coating 
deposited by a Mach II plasma spraying on a stainless 
steel oxide substrate in accordance with Example 3, 
This photomicrograph representation depicts an 
approximately 240 microns thick^ highly dense, and 
crack-free uniform coating as coirpared to the coating 
of Example 1- 

Figure 3b is a cross-sectional scanning electron 
microscopy {"SEM"} representation of a LSFCM coating 
deposited by a Mach II plasma spraying on a porous 
magnesium oxide substrate in accordance with Example 3. 
This SEM representation depicts an approximately 50 
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microns thick, highly dense, uniform and crack-free 
LSFCM coating as compared to the coating of Example 1. 

Figure 4 is an x-ray diffraction ("XRD") 
representation of the, LSFCM coating of Example 3 
showing that the coating is in the form of a single 
phase perovskite. 

Figure 5 is a graphical representation of a 
compositional comparison between the LSFCM coating of 
Example 3 with comparison LSFCM powder demonstrating 
that the coating and the powder are compositionally 
identical. 

Figure 6 is a cross-sectional scanning electron 
microscopy {"SEM") representation of a LSFCM coating 
deposited by a Mach II plasma spraying on a porous LSCM 
substrate in accordance with Example 4. This SEM 
representation depicts an approximately 50 microns 
thick, dense, crack-free, uniform LSFCM coating. 

Figure 7 is a graphical representation of the 
product of Example 5 showing flux performance and the 
stability of a Mach II plasma spraying LSC composite 
disc at 900 degrees Centigrade using air as a feed gas. 

Figure 8 is a cross-sectional scanning electron 
microscopy ("SEM") representation of a LSFCM-50CGO 
coating deposited by Mach II plasma spraying on a 
porous LSFCM-50CGO substrate in accordance with Example 
5. This SEM representation depicts an approximately 
100 microns thick, dense, crack-free, uniform LSFCM- 
50CGO coating having both LSFCM and CGO deposits 
uniformly distributed^ throughout the coating. 

Figure 9 is a cross-sectional scanning electron 
microscopy ("SEM") representation of a CGO-Pd coating 
deposited by Mach II plasma spraying of a mixture of 
CGO and 40 weight percent of palladium on a porous 
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LSFCM-50CGO substrate in accordance with Example 6. 
This SEM representation depicts an approximately 200 
microns thick, dense, crack-free uniform CGO-Pd coating 
on the porous LSFCM-50CGO substrate • 

Figure 10 is a cross-sectional scanning electron 
microscopy ("SEM") representation of a CGO coating 
deposited by subsonic plasma spraying of a mixture of 
CGO on a porous LSFCM-50CGO substrate in accordance 
with Example 7. This SEM representation depicts an 
approximately 100 microns thick, dense, crack-free 
uniform CGO coating ori the porous LSFCM-SOCGO 
substrate. 

Figure 11 is a cross-sectional photomicrograph 
representation at 5D0X magnification of a LSFCM coating 
deposited by subsonic plasma spraying on a LSFCM-m 
(consisting of LSFCM plus 20 wt. percent of Pd/Ag) 
substrate in accordance with Example 8 * This 
photomicrograph representation depicts a 200 microns 
thick, porous coating having a porosity of greater than 
30 percent and a pore size of greater than 10 microns. 

DETAILED DESCRIPTION^ OF INVENTION 
It has now been surprisingly found by the present 
inventors that supersonic plasma spraying, using spray 
modes in the Mach I to Mach II range, are suitably 
employed to fabricate OTMs and HTMs comprising a 
uniform, dense, essentially microcrack^f ree coating of 
a ceramic, or metal, or combination thereof, 
composition on a porous or dense substrate. The method 
of the present invention is particularly useful in the 
rapid, cost-effective fabrication of OTMs and HTMs 
based upon thin plasma sprayed coatings. These thin 
coatings afford particular advantage during use of the 



(28) 



ittPJ2003-2534 1 7 



OTM since it is axiomatic that the ideal oxygen flux is 
inversely proportional to the thickness of the 
membrane. Thus, OTMs produced using plasma spray 
fabrication in accordance with the present invention 
will provide advantages in both production and use. 
During use, the thin coatings made in accordance with 
the present invention enable operation of the OTM using 
higher oxygen fluxes, reduced membrane areas ^ lower 
membrane operating temperatures, and smaller oxygen 
partial pressure differentials across the electrolyte, 
as compared to conventionally produced OTMs. 

Ceramic coatings useful in the present invention 
are suitably formed from an inorganic oxide, typified 
by calcium- or yttrium- stabilized zirconia or 
analogous oxides having a fluorite or perovskite 
structure. The OTM, fabricated by plasma deposition of 
a ceramic coating onto a suitable substrate, 
advantageously have a nominal coating thickness of 
under 500 microns ^ preferably less than 300 microns 
thick, more preferably less than 100 microns thick. 
The OTM is useful for transporting oxygen ions and 
electrons at the prevailing oxygen partial pressure in 
the temperature range of from 450*^C to about 1200*^C 
when an oxygen chemical potential difference is 
maintained across the ion transport membrane surface 
caused by maintaining a positive ratio of oxygen 
partial pressures across the ion transport membrane. 
OTM's oxygen ion conductivity is typically in the range 
of between 0.01 and 100 S/cm where S is reciprocal ohms 
(1/ohms) . 

Suitable ceramic materials for fabricating OTMs in 
accordance with the present invention include 
perovskites and dual phase metal/metal oxide 
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combinations as listed in Table 1. Illustrative 
perovs kites include Lai-xSrxCoOa-y/ LaxSri-xFeOa^y, and 
LaxSri-xFei-yCOy03-z. Since the reactive environment on 
the anode side of the oxygen-selective ion transport 
membrane, in many applications, creates very low 
partial oxygen pressures, the chromium-containing 
perovskites listed in Table 1 may be preferred 
materials since these tend to be stable in the low 
partial oxygen pressure environment. The chromium- 
containing perovskites are not typically decomposed at 
very low oxygen partial pressures. 

In fabricating OTMs in accordance with the method 
of the present invention, the plasma sprayed coating 
can be composed of the same composition as the 
underlying substrate, or it can be fabricated from a 
different material. By way of example, an OTM is 
suitably prepared by plasma spraying a dense perovskite 
coating onto a porous perovskite substrate that is 
compositionally identical to that of the coating. 
Alternatively, the coating and the substrate can be 
compositionally different, as illustrated by the 
various substrate/coating combinations described in the 
working examples hereinbelow. In any event, the plasma 
sprayed coating enhances the oxygen surface exchange of 
the OTM- Compositionally, the ceramic powder used in 
the plasma spray method of this invention can be 
employed to provide a compositionally-identical single- 
phase ceramic coating, as illustrated by Example 3 
presented hereinbelow. 
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Table I: Mixed Conducting Solid Electrolytes 



Material Composition 



(Lai-^Sr^) (Coi-yFey)03-s(0<x<l. 0<y<l, 5 from stoichiometry) 



SrMn03-5 (5 from stoichiometry) 
SrMni^yCOy03-5 {0<y<l, 6 from stoichiometry) 
Sr|,>tt^a^Mn03-g (0<K<1/ 5 from stoichiometry) 

BaFeo,5Coa.5Y03 
SrCeO^ 

YBa;Cu307>g [0<5<1, 5 from atoichiometry) 
Lao^2Sao.BCoo,eFeD.202.g; Pro,2BaQ.sCoQ.aFeQ.2Q2.6 



AxA'K.A'VByB'y.B'V<^3-6 {x,x' ,x",y,y',y" all in 0-1 range) 
Where: A, A', A" = from groups 1,2,3 and f-block 
lanthanides 

B,B',B" =^ from d-block transition metals 

5 from stoichiometry 



(a) Co-La-Bi type* 



{b) Co-Sr^Ce type: 



(c) Co-Sr-Bi type: 



Cd) Co-La-Ce type: 



(e) Co-La-Sr^Bi type: 



(f) Co-La-Sr-Ce type: 



Cobalt oxide 
Lanthanum oxide 
Bismuth oxide 
Cobalt oxide 
Strontium oxide 
Cerium oxide 
Cobalt oxide 
Strontium oxide 
Bismuth oxide 
Cobalt oxide 
Lanthanum oxide 
Cerium oxide 
Cobalt oxide 
Lanthanxim oxide 
Strontium oxide 
Bismuth oxide 
Cobalt oxide 
Lanthanum oxide 
Strontium oxide 
Cerium oxide 



15-75 mole % 
13-45 mole % 
17-50 mole % 
15-40 mole % 
40^55 mole % 
15-40 mole % 
10-40 mole % 
5-50 mole % 
35-70 mole % 
10-40 mole % 
10-4 0 mole % 
30-70 mole % 
15-70 mole % 
1-40 mole % 
1-40 mole % 
25-50 mole % 
10-40 mole % 
X-35 mole % 
1-35 mole % 
30-70 mole % 



Bi2-x-yM'xMyO3-c(0^x^l^ 0:Sy^l, B from stoichiometry) 

Where: M'=«Er, Y, Tm, Yb, Tb, Lu, m, Sm, Dy, Sr, Hf, Th, 

Ta/ Nb, Pb 

Sn, In, Ca, Sr, La and mixtures thereof 

M - Mn Fe, Co^ Kl^ Cu and mixtures thereof 



BaCei,xGdx03-K/5 where^ x equals from zero to about: 1. 



One of the materials of A' tB^B' vB"«Osi family whose 
composition is disclosed in 0-S. Patent 5,306,411 
(Mazanec efc al.) as follows: 
A represents a lanthanide or Y, or a mixture thereof; 
A' represents an alkaline earth metal or a mixture 
thereof; 

B represents Fe; 

B' represents Cr or Ti, or a mixture thereof; 
B" represents Mn, Co, V, Ni or Cu, or a mixture 
thereof; 

And s,t,\i, v,w, and x are numbers such that; 
s/t equals from about 0.01 to about 100; 
u equals from about 0*01 to about 1; 
V equals from zero to about 1; 

w equals from zero to about 1; 
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X equals a number that satisfies the valences of the A, 
A', B, B', 

B" in the formula; and 0.9 < (s+t ) / (u+v+w) <1. 1 


10. 


One of the materials of Lai-aeSXxCui-yMyOs-r family, where: 

M represents Fe or Co; 

X equals from zero to about 1; 

y equals froiti zero to about 1; 

5 equals a number that satisfies the valences of La, 
Szr Cu, and M in the formula 


11. 


One of the materials of Cei-xAxOz-s family, where: 

A represents a lanthanide^ Ru^ or Y; or a mixture 

thereof; 

X equals from zero to about 1; 

5 equals a number that satisfies the valences of Ce and 
A in the formula 


12. 


One of the materials of Sri-xBixFeOj^s family , where: 

A represents a lanthanide, or or a mixture thereof; 
X equals from zero to about 1; 

6 equals a number that satisfies the valences of Ce and 

A in the formula 


13. 


One of the materials of Sr^S^yOo^O 3-5 family, where: 
X equals from zero to about 1; 
y equals from zero to about 1; 

6 equals a number that satisfies the valences of Sr, Bi 
and Fe in the formula 


14, 


Dual phase mixed conductors (electronic/ionic) ; 


(Pd)o.5/(ySZ)o.5 

(Pt)o.5/(YSZ)o.£ 

(LaCri-yMgj-03-5) 0.5 <YSZ) 
(In9o*,PtiQ,)o.e/(YSZ)o.5 

( In55.Pra.51Zr2.5O 0.5/ ( YSZ) 0.5 

Any of the materials described in 1-13, to which a high 
temperature metallic phase (e.g, Pd, Pt, Ag, Au, Ti, Ta, 
W) is added 


15. 


Or.e of the rr.citerials of A^.^A' v"Bo_,3' irO^j.^ family whose 

composition is disclosed in WO 97/41060 (Schwartz et al,) 
as follows: 

A represents an alkaline earth metal or a mixture 
thereof? 

A' represents a lanthanide or Y, or a mixture thereof; 
B represents a metal ion or mixtures of 3d transition 
metal ions and group 13 metals; 

B' represents a metal ion or mixtures of 3d transition 
metal ions and group 13 metals, the lanthanides and 
yttrium; 

0<x<2; 0<y<2; z renders the compound charge neutral 


16. 


One of the materials of Ln^jA'^COyFe yiCu ^03^2 f^niily 
whose composition is disclosed in EP 0 732 305 Al (Dyer 
et ai.; as follows: 

Ln represents a f block lanthanide; 
A' represents Sr or Ca; 

x>0, y>0, x+x' =^1, y+y' -^y"*='l/ 0<y<0.4 
z renders the compound charge neutral 


17. 


One of the materials of Ln^A'^'^* 'x» '^y^'y '^"y" '^S-z 

family whose composition is disclosed in EP 0 931 | 
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j 7 63 Al (Dyer et al.) as follows: 
Ln represents a f block lanthanide; 
A' from groups 2; 

A*' from groups 1, 2f 3 and f-block lanthanides 

B' from d-block transition metals excluding Ti and Cr 
0^x<l, 0<x'^l, 0<y<l.l, 0^y'<l.l, 

x+x'+x^'^l-O, 1 .l>y+y' >1*0, z renders the compound charge 
neutral _— 

Other solid electrolyte materials^ besides those 
listed in Table I above, are within the scope of the 
present invention, such as zirconia, ceria, bismuth 
oxides, and lanthanum gallate. Likewise, 
interconnector materials, including lanthanum chromite, 
lanthanum maganite, are suitably employed for 
fabricating solid oxide fuel cell and electrically- 
driven oxygen generator applications- 

Clearly, the present invention has wide 
application to a wide variety of industrial uses. 
Illustratively^ the following specific applications are 
envisioned for the coatings made in accordance with the 
present invention: <1) single phase mixed conducting 
oxides (e.g. perovs kites) for oxygen or hydrogen 
transport membrane applications, (2) single phase ionic 
conductor solid electrolyte {e.g., fluorites) for solid 
oxide fuel cell and electrically driven oxygen 
generator applications, (3) dual phase mixed conductors 
with a ceramic second phase, (4) dual phase mixed 
conductors with a metallic second phase, and (5) single 
phase electronic conducting oxides (e.g., perovskites) 
for use in solid oxide fuel cell or as an 
interconnection layer on an electrode structure of an 
electrochemical cell. 

The method of the present invention preferably 
employs plasma spray -methodology, but alternatively can 
use high velocity oxygen fuel (HVOF) thermal spray. As 
an illustration of the plasma spray use, the 
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fabrication of a dense, gas tight ceramic OTM or HTM 
coating is suitably effected by plasma spray deposition 
onto a porous substrate using the method of this 
invention. The plasma spraying is suitably carried out 
using fine agglomerated sizes of ceramic powder, 
typically having an average agglomerated particle size 
of less than 40 ]smr preferably less than 30 ym, most 
preferably in the range of 15-25 pm. As another 
illustration/ a porous La.2Sr.8^e.79Cr,2Mg.oi03 (LSFCM) 
coating deposited on a porous LSFCM-m substrate, as 
described in more detail in Example 8 hereinbelow. 
Individual particles useful in preparing the 
agglomerates typically range in size from 
nanocrystalline size to an upper limit of about 5 
microns in size, and the nanocrystalline size is 
employed when plasma spray at subsonic speeds is used. 

In fabricating porous coatings using the method of 
the present invention, a wide range of pore sizes and 
porosities are obtainable. Thus, although a porosity 
of more than 30% with a pore size of up to 10 micron 
was obtained for the LSFClid coating described in Example 
8, the spray conditions and the pore former are 
suitably modified to provide a porosity greater than 
50% and a pore size of greater than 50 ]xra for the 
porous coating - 

Examples 1-8 described hereinbelow describe in 
more detail the particulars of the plasma medium (i.e., 
an inert gas), plasma torch (or plasma gun or arc) and 
power used, the powder utilized with the plasma medium, 
and the plasma torch manipulation employed in the 
examples. Brief ly^ the powder particles are admixed 
with the plasma medium. The plasma medium-added 
particle spray powder mixture or plasma spray feed 
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powder is preferably agglomerated prior to thermal 
spraying by well-known agglomeration techniques to 
provide a free-flowing plasma spray feed powder • The 
plasma medium-added spray ceramic metal and/or metal 
oxide particle mixture is thus preferably agglomerated 
in order to facilitate entrainment in a plasma plume 
generated by a plasma torch or spray gun utilized. As 
another alternative, plasma arc spraying can be used in 
the method of the present invention. Preferably, the 
plasma spray feed powder has a uniform agglomerated 
particle size distribution with an average particle 
size in the range of 5 to 80 microns, more preferably 
10 to 25 microns. 

The following examples are intended to illustrate, 
but in no way limit the scope of, the present 
invention, 

EXAMPLES 

EXAMPLE 1 (Comparative Example) - Deposition of 
La.2Sr.8Fe.79Cr.2Mg.01O3 (LSFCM) coating by subsonic plasma 
spraying 

The LSFCM coating was prepared by subsonic-mode 
plasma spraying on a stainless steel substrate. The 
sprayed-dried LSFCM powder was fed into the plasma 
spray gun vertically via Ar carrier gas through a 
Praxair powder feeder. A subsonic mode of plasma 
spraying was set up as follows: 

Plasma medium : 

4 0 slm Ar with 21 slm He, where slm is standard 
liters per minutes. 
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Plasma torch and power : 

Subsonic mode of Praxair SG-100 plasma torch with 
a power of 900 amps, 29 volts and 26 Kilowatts - 

Powder and feed : 

LSFCM powder (20 pm agglomerates) is prepared by 
Praxair Specialty Ceramics, Inc, Powder was fed at 10 
mm upstream from the torch exit with 4 slm Ar carrier 
gas at 30 psi and with a 3.0 rpm setting of Praxair 
powder feeder (equals approximately to 18 grams/minute 
feed rate) . ' 

Torch manipulation ; 

40 passes at a scan of 500 mm/second in a 3 mm 
step ladder pattern horizontal to the substrate and at 
a distance of 75 mm from the substrate. The ladder 
pattern is repeated composed of left to right and right 
to left torch movements with a 3 mm step between the 
lines of opposite movement. 

Figure 1 shows a cross-sectional photomicrograph 
of a LSFCM film deposited on a stainless steel 
substrate by conventional subsonic plasma spraying • 
The as--deposited LSFCM coating was about 250 microns in 
thickness- Although no major cracks were observed. 
Figure 1 reveals residual porosity and micro-cracks in 
the coating throughout the cross^-section, 

EXAMPLE 2 - Deposition of LSFCM coating by Mach I 
plasma spraying 

LSFCM coating was deposited on a stainless steel 
substrate using a Mach I -mode supersonic plasma 
spraying. The sprayed powder was fed into the torch in 
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the same way as described in the example 1. A Mach I 
mode of plasma spraying was set up as follows: 

Plasma medium ; 

40 Sim Ar with 21 slm He. 

Plasma torch and power : 

Mach I mode of Praxair SG-100 plasma torch with a 
power of 900 amps, 34 volts and 30 Kilowatts* 

Powder and feed : 

LSFCM powder (20 ]m. agglomerates) is prepared by 
Praxair Specialty Ceramics, Inc, Powder was fed at 10 
mm upstream from the torch exit with 5.5 slm Ar carrier 
gas at 40 psi and with a 3.0 rpm setting of Praxair 
powder feeder (equals approximately to 18 grams/minute 
feed rate) . 

Torch manipulation : 

40 passes at a scan of 500 mm/second in a 3 mm 
step ladder pattern horizontal to the substrate and at 
a distance of 90 mm from the substrate. 

Figure 2 shows a cross-sectional photomicrograph 
of a LSFCM film deposited on a stainless steel 
substrate by Mach I-mode plasma spraying. The LSFCM 
coating formed was about 350 microns in thickness. The 
coating density was improved by the increase of the 
velocity of plasma, with minimal microcracks and low 
residual porosity observed in the cross-section. 

EXAMPLE 3 - Deposition of LSFCM coating by Mach II 
plasma spraying 
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LSFCM coating was deposited on a stainless steel 
substrate using a Mach II--xnode supersonic plasma 
spraying. The sprayed powder was fed into the torch in 
the same way as described in the example 1. A Mach II 
mode of plasma spraying was set up as follows: 

Plasma medium : 

105 slm Ar with 40 slm He. 

Plasma torch and power : 

Mach II mode of Praxair SG-100 plasma torch with a 
power of 950 amps, 73 volts and 69 Kilowatts, 

Powder and feed ; 

20 micron agglomerate LSFCM powder from Praxair 
Specialty Inc. 

Feed at 10 mm upstream from the torch exit with 10 
slm Ar carrier gas at 100 psi and with a 3,0 rpm 
setting of Praxair powder feeder (equals approximately 
to 18 grams /minute feed rate) . 

Torch manipulation : 

40 passes for steel substrate and 6 passes for 
porous MgO substrate both at a scan of 500 mm/second in 
a 3 mm step ladder pattern horizontal to the substrate 
and at a distance of 90 mm from the substrate. 

Figure 3a shows a cross-sectional photomicrograph 
of 240 \m LSFCM film prepared on a stainless steel 
substrate. The image was taken under the same 
magnification as shown in Figures 1 and 2. As compared 
to the films prepared by subsonic mode (Figure 1) and 
Mach I (Figure 2), the LSFCM film by Mach II is ultra- 
highly dense and crack-free. Figure 3b shows a cross- 
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sectional SEM of the LSFCM film fabricated by Mach II 
on a porous magnesium oxide (MgO) substrate. As shown 
in Figure 3b, the dense LSFCM film of -50 microns 
(middle, brighter) was between the porous MgO substrate 
(lower, gray) and epoxy (upper, dark) . The epoxy was 
used for mounting the sample. Figure 3b indicates that 
the ultra-highly dense LSFCM film was able to deposit 
on the porous MgO substrate (-34% porosity) . 

It should be pointed out that the as--sprayed LSFCM 
film by Mach Il-mode plasma spraying looks not only 
dense and crack-free but also uniform with a good 
bonding between the film and the substrate. XRD shows 
the as-sprayed film is a single-phase perovskite 
structure (Figure 4), which is ideal of the film as an 
OTM. TCP analysis (Figure 5) also shows that the as- 
sprayed LSFCM film reveals substantially the same . 
composition as compared to that of the feed powder. 

EXAMPLE 4 ' - Deposition of La.05Sr.95CoO3 (LSC) coating by 
Mach II plasma spraying 

LSC coating was deposited on a porous LSC-m 
{LSC+20 wt.% Pd/Ag) using a Mach Il-mode supersonic 
plasma spraying. The sprayed powder was fed into the 
torch in the same way as described in the example 1. A 
Mach II mode of plasma spraying was set up as follows: 

Plasma medium : 

105 Sim Ar with 40 slm He. 

Plasma torch and power ; 

Mach II mode of Praxair SG-100 plasma torch with a 
power of 950 amps, 73 volts and 69 Kilowatts- 
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Powder and feed : 

15 micron LSC powder from Praxair Specialty Inc. 

Feed at 10 mn upstream from the torch exit with 10 
Sim Ar carrier gas at 100 psi and with a 3.0 rpm 
setting of Praxair powder feeder {equals approximately 
to 18 grams/minute feed rate) . 

Torch manipulation ; 

Eight passes at a scan of 500 mm/second in a 3 mm 
step ladder pattern horizontal to the substrate and at 
a distance of 90 mm from the substrate. 

Figure 6 shows a cross-sectional SEM of the LSC 
film deposited on a porous LSC-m substrate. The LSC 
film was dense and crack-free with a thickness of about 
50 microns- The high temperature permeation tests of 
LSC/LSC-m composite disc was performed at 900^*0 using 
different N2/O2 mixtures as feed gases and He as a 
purge gas. An O2 flux of 9 sccm/cm^ was obtained at 
900*0 for a 50 pm LSC film on a porous LSC-m substrate 
(1-7 mm) using a 80%02/N2 feed gas. Figure 7 shows 
flux performance and the stability of plasma sprayed 
LSC composite disc at 900 **C using air as a feed gas. 
After being tested for 500 hrs, the plasma-sprayed 
coating remained intact and good bonding with the 
substrate . 

EXAMPLE 5 - Deposition of dual phase mixed conductors 
with ceramic 2nd phase by supersonic plasma spraying - 
LSFCH with 50 wt.% Ceo.8Gdo,202 (LSFCM-50CGO) 

The LSFCM-50CGO coating was deposited on a porous 
LSFCM-50CGO substrate using a Mach Il-mode supersonic 
plasma spraying. The sprayed powder was fed into the 
torch in the same way as described in the example 1. A 
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Mach II mode of supersonic plasma spraying was set up 
as follows; 

Plasma medium : 

95 slm Ar with 45 slm He. 

Plasma torch and power : 

Mach II mode of Praxair SG-100 plasma torch with a 
power of 900 amps, 58 volts and 52 Kilowatts • 

Powder and feed : 

20 micron agglomerate powder of LSFCM mixed with 
50 wt.% of CGO from Praxair Specialty Inc, Feed at 10 
mm upstream from the torch exit with 10 slm Ar carrier 
gas at 100 psi and with a 3.0 rpm setting of Praxair 
powder feeder (equals approximately to 18 grams/minute 
feed rate) . 

Torch manipulation : 

Eight passes at a scan of 500 mm/second in a 3 mm 
step ladder pattern horizontal to the substrate and at 
a distance of 90 mm from the substrate. 

Figure 8 shows a cross-sectional SEM of the LSFCM- 
50CGO film deposited on a porous LSFCM-50CGO substrate. 
The LSFCM-50CGO film was dense and crack-free with a 
thickness of about 100 microns. Higher SEM 
observations reveal that both LSFCM and CGO deposits 
are uniformly distributed in the coating. The film was 
also well bonded with the porous substrate, as shown in 
Figure 8 - 
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EXAMPLE 6 - Deposition of dual phase mixed conductors 
with metallic 2nd phase by supersonic plasma spraying 
- Ceo.8Gdo.2O2 with 40 wt.% of Pd (CGO-Pd) 

The CGO-Pd coating was deposited on a porous 
LSFCM--50CGO substrate using a Mach Il-mode supersonic 
plasma spraying. The sprayed powder was fed into the 
torch in the same way as described in the example 1. A 
Mach II mode of plasma spraying was set up as follows: 

Plasma medium : 

95 slm Ar with 45 slm He, 

Plasma torch and power : 

Mach II mode of Praxair SG-100 plasma torch with a 
power of 900 amps, 58 volts and 52 Kilowatts. 

Powder and feed : 

20 micron agglomerate powder of CGO mixed with AO 
wt% of Pd from Praxair Specialty Inc. Feed at 10 mm 
upstream from the torch exit with 10 slm Ar carrier gas 
at 100 psi and with a 3.0 rpm setting of Praxair powder 
feeder (equals approximately to 18 grams/minute feed 
rate) - 

Torch manipulation ; 

Twelve passes at a scan of 500 mm/second in a 3 mm 
step ladder pattern horizontal to the substrate and at 
a distance of 90 mm from the substrate. 

Figure 9 shows a cross-sectional SEM of the CGO-Pd 
film deposited on a porous LSFCM-50CGQ substrate. The 
CGO-Pd film was dense and crack-free with a thickness 
of about 200 microns. Higher SEM observations reveal 
that both CGO and Pd deposits are uniformly distributed 
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in the coating. The film was also well bonded with the 
porous substrate, as shown in Figure 9. 

EXAMPLE 7 - Deposition of Ceo.aGdo.2O2 (CGO) ionic 
conducting film by subsonic plasma spraying using. a 
nanocrystalline agglomerate powder 

The CGO coating was prepared by subsonic-mode 
plasma spraying on a porous LSFCM-50CGO substrate. The 
sprayed-dried CGO powder was fed into the torch in the 
same way as described in the example 1. A subsonic 
mode of plasma spraying was set up as follows: 

Plasma medium : 

45 slm Ar with 21 slm He, where slm is standard 
liters per minutes. 

Plasma torch and power : 

Subsonic mode of Praxair SG-100 plasma torch with 
a power of 900 amps, 29 volts and 32 Kilowatts. 

Powder and feed : 

The CGO powder (20 ]im agglomerates of 200 nm 
primary particles) is prepared by Praxair Specialty 
Ceramics, Inc. Powder was feed at 10 mm upstream from 
the torch exit with 4 slm Ar carrier gas at 30 psi and 
with a 3.0 rpm setting of Praxair powder feeder (equals 
approximately to 18 grams/minute feed rate) - 

Torch manipulation : 

Fourteen passes at a scan of 500 mm/second in a 3 
mm step ladder pattern horizontal to the substrate and 
at a distance of 90 mm from the substrate. 
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Figure 10 shows a cross-sectional SEH of the CGO 
film deposited on a porous LSFCM-50CGO substrate. The 
film was dense and crack-free with a thickness of about 
100 microns* The film was uniform in thickness with no 
lamellar structure detected and was well bonded with 
the porous substrate. 

EXAMPLE 8 - Deposition of porous La.sSr.eFe^TsCr .2Mg.oi03 
(LSFCM) coating by subsonic plasma spraying 

The porous LSFCM coating was prepared by subsonic- 
mode plasma spraying on a porous LSFCM-m (LSFCM + 20 
wt.% Pd/Ag) , The sprayed-dried LSFCM powder used in 
this example was first blended with 15 wt.% graphite 
{pore former) and then fed into the plasma spray gun 
vertically via Ax carrier gas through a Praxair powder 
feeder. A subsonic mode of plasma spraying was set up 
as follows: 

Plasma medium : 

40 slm Ar with 16 slm He^ where slm is standard 
liters per minutes . 

Plasma torch and power ; 

Subsonic mode of Praxair SG-100 plasma torch with 
a power of 800 amps, 35 volts and 28 Kilowatts. 

Powder and feed : 

LSFCM powder (20 ]im agglomerates) is prepared by 
Praxair Specialty Ceramics^ Inc. The powder was pre- 
mixed with 15 wt.% graphite and then fed at 10 mm 
upstream from the torch exit with 4 slm Ar carrier gas 
at 30 psi and with a 3.0 rpm setting of Praxair powder 



(44) 



2 0 0 3 - 2 5 3 4 1 7 



feeder (equals approximately to 18 grams /minute feed 
rate) . 

Torch manipulation : 

Sixteen passes at a scan of 500 mm/second in a 3 
mm step ladder pattern horizontal to the substrate and 
at a distance of 90 mm from the substrate. 

By selecting an appropriate set of plasma spraying 
parameters and using the powder blended with certain 
amount of pore former (graphite), a porous OTM coating 
can be obtained. Figure 11 shows a cross-sectional 
photomicrograph of porous LSFCM coating deposited on a 
porous IiSFCM-m substrate. A porosity of more than 30% 
with the pore sizes of up to 10 micron was obtained on 
the LSFCM coating. It should be pointed out that this 
process can be easily modified to obtain a porosity 
>50% and a pore size >50 pm of the porous coating 
depending on spraying conditions and pore former used. 

While the invention has been described above with 
reference to specific embodiments thereof, it is 
apparent that many changes, modifications, and 
variations can be made without departing from the 
inventive concept disclosed herein. Accordingly, it is 
intended to embrace all such changes, modifications and 
variations that fall within the spirit and broad scope 
of the appended claims « All patent applications, 
patents and other publications cited herein are 
incorporated by reference in their entirety. 
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CLAIMS 

1. A method for fabricating an ionic or 
electronic or mixed ionic and electronic conducting 
meinbrane comprising spraying a single or dual phase 
composition in plasma form, in the presence of an inert 
gas as a plasma medium, at a supersonic speed from a 
plasma torch or gun, and depositing said composition 
onto a porous or dense substrate in order to provide 
the oxygen transport membrane in the form of a 
microcrack^f ree ceramic coating on the substrate. 

2. The method of claim 1 wherein said plasma 
comprises agglomerated powder particles of ceramic or 
metal or combination thereof in admixture with a plasma 
medium. 

3. The method of claim 2 wherein said plasma 
medium comprises argon, helium, or a combination 
thereof or other gases which can produce thermal 
plasma. 

4. The method of claim 2 wherein the plasma 
spray feed powder has a uniform agglomerated particle 
size distribution with an average particle size in the 
range of 5 to 80 microns, more preferably 10 to 25 
microns . 

5. The method of claim 2 wherein said 
agglomerated powder comprises ion conducting perovskite 
particles. 
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6. The method of claim 2 wherein said 
agglomerated powder comprises ion conducting fluorite 
particles. 

7 • The method of claim 2 wherein said 
agglomerated powder comprises dual phase mixed 
conductor with ceramic 2^^** phase particles, 

8. The method of claim 2 wherein said 
agglomerated powder comprises dual phase mixed 
conductor with metallic 2""^ phase particles. 

9* The method of claim 1 wherein the thickness 
of said dense ceramic coating is less than -500 
microns . 

10. The method of claim 1 wherein the thickness 
of said dense ceramic coating is from 25 to 100 
microns . 

11- A method of fabricating an ionic or 
electronic or mixed ionic and electronic conducting 
membrane comprising spraying particles of a single or 
dual phase composition in plasma form, in the presence 
of an inert gas as a plasma medium, at supersonic or 
subsonic speed from a plasma torch or gun, with the 
proviso that said particles are agglomerates of 
nanocrystalline size if the plasma is employed at 
subsonic speed, and depositing said composition onto a 
porous or dense substrate in order to provide the 
oxygen transport membrane comprising a porous or dense 
ceramic coating on the substrate. 
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12. The method of claim 11 wherein the primary 
particle size of the agglomerate is less than 1000 nm, 
more preferred less than 500 nm, most preferred less 
then 200 nm, 

13. A method of forming a dense OTM or HTM 
coating on a substrate which comprises providing a 
single or dual phase composition feed powder in 
admixture with an inert gas plasma spray medium, and 
thermal spraying the feed powder in the plasma spray 
medium onto a porous or dense substrate in order to 
form the dense OTM or HTM coating on the substrate. 

A microcrack-free oxygen transport membrane produced by 
a method comprising spraying, at a supersonic speed, 
particles of a single or dual phase composition in a 
flux-free plasma medium of an inert gas, and depositing 
said composition onto a porous or dense substrate in 
order to provide the oxygen transport membrane in the 
form of a microcrack-free coating on the substrate. 

14. The membrane of claim 14 wherein said 
agglomerated powder comprises perovskite particles. 

15. The membrane of claim 14 wherein said 
agglomerated powder comprises ion conducting fluorite 
particles - 

16. The membrane of claim 14 wherein said 
agglomerated powder comprises dual phase mixed 
conductor with ceramic 2"^ phase particles 
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17. The membrane of claim 14 wherein said 
agglomerated powder comprises dual phase mixed 
conductor with metallic 2'''^ phase particles . 

18. The membrane of claim 9 wherein the thickness 
of said dense ceramic coating is less than 500 
microns. 

19. The membrane of claim 9 wherein the thickness 
of said dense ceramic coating is from 25 to 100 
microns. A microcrack~f ree oxygen transport membrane 
produced by a method comprising spraying single or dual 
phase powder particles in a plasma medium comprising an 
inert gas by high velocity oxygen fuel thermal spray at 
a supersonic speed, and depositing the particles onto a 
porous or dense substrate in order to provide the 
oxygen transport membrane in the form of a microcrack- 
free ceramic coating on the substrate. 

20. A multi-layer composite comprising a dense 
or porous substrate and a microcrack-f ree coating on 
the substrate, said coating being prepared by spraying 
particles of a single or dual phase coitposition 
comprising particles of ceramic, or metal, or a 
combination thereof, in plasma form, in the presence of 
an inert gas as. a plasma medium, at sonic or subsonic 
speed from a plasma torch, with the proviso that said 
particles are of nanocrystalline size if the plasma is 
employed at subsonic speed, and depositing said 
composition onto a porous or dense substrate in order 
to provide the multi-layer composite. 
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21, A single phase ionic conductor, suitable for 
use in solid oxide fuel cell or electrically-driven 
oxygen generator applications, fabricated by spraying 
single phase powder particles of ceramic, or metal, or 
a combination thereof, in a plasma medium comprising an 
inert gas, at supersonic speed, and depositing the 
particles onto a porous or dense substrate in order to 
provide the single phase ionic conductor in the form of 
a microcrack-f ree ceramic or metal coating on the 
substrate. 

22- A single phase electronic conducting oxide, 
useful for interconnector applications, fabricated by 
spraying single phase powder particles of ceramic, in a 
plasma medium comprising an inert gas, at supersonic 
speed, and depositing the particles onto a porous or 
dense substrate in order to provide the single phase 
electronic conductor in the form of a microcrack--f ree 
ceramic coating on the substrate - 

23- A single phase electronic conducting oxide, 
useful for interconnector applications, fabricated by 
spraying single phase powder particles of ceramic, in a 
plasma medium comprising an inert gas, at supersonic 
speed, and depositing the particles onto a porous or 
dense substrate in order to provide the single phase 
electronic conductor in the form of a microcrack-free 
ceramic or metal coating on the substrate. 
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ABSTRACT 

Oxygen and hydrogen transport membranes fabricated 
by plasma spray deposition of a micro-crack-free 
coating on a substrate. Also disclosed is a multi- 
layer composite comprising a dense or porous substrate 
coated with a coating provided by supersonic plasma 
spray deposition- Also disclosed is subsonic plasma 
spray deposition of single phase or dual phase 
nanocrystalline particles to form a crack-free oxygen 
transport membrane on a substrate. 



